Cenozoic global plate motions relative to the hot spots are investigated and compared to plate motions in a mean-lithosphere reference frame. Plate motions were analyzed over six time intervals divided by ages (10, 25, 43, 48, and 56 Ma) chosen, as much as possible, to coincide with key plate reorganizations. Alternative motion circuits and rotational parameters were considered and evaluated with palcomagnetic data from the Pacific and North American plates. The circuit found to be in best agreement with the palcomagnetic data is one in which the hot spots in the Atlantic region are assumed to be fixed relative to the hot spots in the Pacific region. Throughout the Cenozoic, the hot spot and mean-lithosphere reference frames have been in continual, slow relative motion. The rate of motion is nonuniform, however, most of the motion having occurred during the middle Cenozoic. The net Cenozoic rotation of the lithosphere relative to the hot spots is described by a right-handed rotation of 7 ø about an Euler pole at 46øS, 87øE, which yields a 5 ø displacement of the north poles of the two reference frames. This motion is small enough that inferences drawn about plate speeds in one reference frame should be valid in the other. Analysis of the global motions resulting from our preferred model showed that many characteristics of current plate motions have persisted throughout the Cenozoic. Plate speeds correlate with latitude, plates moving faster near the equator than near the poles throughout the Cenozoic. As at present, continental plates (except for the Indian plate) moved slower than oceanic plates throughout the Cenozoic. Even the structure of the velocity fields as revealed in a contour of root-mean-square velocities in equatorial bands persists throughout the Cenozoic. The migration of the palcomagnetic axis over time is also compared to the hot spot and mean-lithosphere reference frames. The palcomagnetic axis has shifted 5 ø-10 ø relative to the hot spot frame, and a lesser amount relative to the mean-lithosphere frame.
INTRODUCTION
Plate tectonics describes the relative motions of the plates on a global scale. Plate motions averaged over the past few million years (which we will loosely refer to as "current," "present," or "present-day" plate motions) are accurately known: locations and azimuths of transform faults and lineated magnetic anomalies, as well as slip vectors determined from analysis of earthquake focal mechanisms, give information about the relative motion of each of two adjacent plates. Data from all plate pairs can be combined to yield a self-consistent set of globally best fitting angular velocity vectors [Chase, 19784; Minster and Jordan, 1978; DeMet, et al., 1985] .
Of interest here is not only the relative motions of the plates, which is the motion of the plates with respect to one another, but also the absolute motions of the plates, which is the motion with respect to the mesosphere (the relatively strong mantle beneath the weak asthenosphere). sphere [Solomon and Sleep, 1974] . This approach does no• yield a unique solution for absolute motions because the nature and lateral variation of the coupling between the lithosphere and asthenosphere are unknown. In practice, this has led to many alternative absolute velocity models, based on different simple models for the lateral variation in the coupling between lithosphere and asthenosphere. When applied to present plate motions, these alternative models lead to absolute velocities that are broadly similar, differing by an angular velocity vector with a magnitude of 0.1-0.2ø/m.y. [Solomon and Sleep, 1974; Solomon et al., 1975] .
In studies of pre-5 Ma plate motions only one of these alternative "no-net-torque" models, the simple model in which the coupling between lithosphere and as?henosphere is assumed to have no lateral variation has been widely applied [Solomon et al., 1977; Jurdy, 19784; Davis and Solomon, 1981; Jurdy and Gordon, 1984] . This "uniform drag" no-net-torque reference frame, based on plate dynamics, is equivalent to a reference frame simply defined from plate kinematics, a no-net-rotation reference frame, i.e., a reference frame that yields a value of zero for the following integral: f v X r dS
where v is the surface velocity of a piate relative to the mesosphere, r is a position vector, and dS is an area element. In this paper we usually refer to the "no-netrotation" reference frame as the "mean-lithosphere" reference frame because the global vector average of v X r is zero in this reference frame. The mean-lithosphere frame, unlike the hot spot reference frame, can (in principle) be determined solely from the geometry and relative motions of the plates. [1977] found that net trenchward pull on overthrust plates at subduction zones [Elsasset, 1971] was also small but significant, a conclusion strongly supported by the later study of Chase [1978b] . Although studies of plate velocities were unable to resolve the magnitude of a possible ridge push force, a comparison of the predictions of driving force models [Richardson et al., 1979] with observations of regional stress indicates that the ridge push force is about the same as the net pull on the surface plate exerted by the slab, that is, slab pull minus slab resistance. 
PLATE RECONSTRUCTIONS Time Scale and Time Intervals
In this paper we follow the chron numbering convention and age assignments in millions of years of Hapland et al. [1982] . For consistency the ages of all magnetic anomalies from the sources cited in Table 1 are reassigned to conform with this time scale and are then rounded off to the nearest million years. Because chrons have finite duration, the age of a reconstruction differs slightly if the young end, the middle, or the old end of the seafloor beneath a magnetic anomaly is fitted in a reconstruction. Usually, we were unable to determine from published sources the precise age of a reconstruction. In the absence of such information, we adopted the age of the midpoint of the corresponding normal polarity chron. For Cenozoic normal polarity chrons the error caused by this procedure should not exceed 1 m.y. We treated anomalies 33 and 34 differently because they are edge anomalies and even when Ma [Sager, 1983] and 66 Ma [Gordon, 1982] are available. Contrary to our earlier working hypothesis, the Cenozoic Era might not be long enough for an independent plate geometry to evolve. Analyses of paleomagnetic data for much earlier epochs, such as the Jurassic and Triassic, show that continents moved much faster than they do at present, whereas the same analyses applied to Cenozoic paleomagnetic data suggest slow motion of continents [Gordon et al., 1979 ; Ullrich and Van der Voo, 1981; Bryan and Gordon, 1986] . This suggests that examination of ancient plate motions is useful, but one must look much further into the past than was previously thought. Figures 9a-9f ). In the Paleocene we find two high-speed lobes near the equator, a consequence of two plates, the Kula and Indian, moving rapidly at high latitudes. There is a slow evolution through the Cenozoic to the present pattern of symmetry with a shift of the highest-speed point from 40øN, 22øW, poleward to 78øN, 42øW, a latitudinal shift of nearly 40 ø. We suggest that the change in the location of the maximum-speed axis responds to the change in subduction geometry [Jurdy, 1978b; In pioneering studies of polar wandering, large motion between the paleomagnetic axis and the hot spots was found, whereas only insignificant motion between the paleomagnetic axis and the mean-lithosphere was found [Duncan et al., 1972; McElhinny, 1973 Codes: hs, hot spot reference frame; ml, meanlithosphere reference frame. Angle convention: positive angle moves hot spot reference frame from position at time 1, the later time, to position at time 2, the earlier time.
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amount found by Hargraves and Duncan [1973] ). Alternatively, if the Andrews [1985] curve is accepted, it appears that the motion between the hot spot and meanlithosphere frame is slow compared to the motion of either frame relative to the paleomagnetic axis; to a first approximation the hot spot and mean-lithosphere reference frames move in unison relative to the paleomagnetic axis. These two cases may represent end-members, with the truth lying somewhere between these extremes, i.e. the hot spot reference frame, mean-lithosphere reference frame, and paleomagnetic axis may all be in relative motion of comparable magnitude, and the agreement of the meanlithosphere frame and the paleomagnetic axis 50-60 Ma may be fortuitous. In any event, it appears that paleomagnetic-hot spot motion is not less than the motion of the mean-lithosphere reference frame relative to the hot spots. What is unclear is how closely the mean-lithosphere frame coincides with the paleomagnetic axis. spot reference frames occurred at a nonuniform rate, the motion being more rapid in middle Cenozoic time. The difference we find between the mean-lithosphere and hot spot reference frames is smaller than prior estimates, our best estimate of the rotation accumulated over Cenozoic time being 7 ø about an Euler pole at 46øN, 93øW, which yields a 5 ø shift at the north pole. Whereas it has been established by prior investigations that the paleomagnetic e•xis has moved relative to the hot spot reference frame, disparate results from different investigations leave unclear how closely the mean-lithosphere frame coincides with the paleomagnetic frame.
